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Abstract
We study the properties of the transition probability and entanglement harvesting phenomenon
for circularly accelerated detectors locally interacting with massless scalar fields. The dependence
of the transition probability on the parameters associated with the circular motion is first analyzed
in detail. By a cross-comparison with the situation of the uniformly accelerated motion, we obtain
that the transition probability and the possible thermalization behavior for detectors rotating with
an extremely large circular radius are analogous to that for uniformly accelerated detectors, but
for a very small linear speed and a large acceleration, the effective temperature which characterizes
the detectors’ thermalization in a finite duration is much lower than that for uniformly accelerated
detectors. We then focus on the phenomenon of entanglement harvesting in two special situations
of circular trajectories, i.e., the coaxial rotation and the mutually perpendicular axial rotation
by examining the concurrence as the entanglement measure in detail. We find that when two
circularly accelerated detectors have equivalent acceleration and size of circular trajectory, the
harvested entanglement rapidly decays with increasing acceleration or separation between two
detectors. In contrast with the situation of uniform acceleration, the angular velocity would have
significant impacts on entanglement harvesting. Especially for those detectors circularly moving
in different directions, both the acceleration and trajectory radius play an important inhibiting
role in entanglement harvesting. When two circularly accelerated detectors have different values
of acceleration or angular velocity, we find that the entanglement can still be extracted by such
detectors, even in the situation that one detector is at rest and the other is in a circular motion.
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I. INTRODUCTION
Quantum entanglement has been widely known as a key physical resource for performing
some tasks in quantum information [1, 2], and much progress has been made in understand-
ing the features of entanglement in various aspects. For a two-atom system coupled with a
common bath or environment, it has been found, in the framework of open quantum systems,
that the generation of entanglement is likely to happen in certain circumstances [3–10], and
some other general entanglement dynamical behaviors such as the phenomenon of entan-
glement sudden death [11, 12] or entanglement revival [13] may also emerge. Recently, a
more operational approach to studying quantum field entanglement has arisen from Valen-
tini’s pioneer work [14](and later revisited by Reznik [8]). It has been argued that a pair
of initially uncorrelated atoms can become entangled via locally interacting with vacuum
fields, even if they remain spacelike separated. Such proposed process has been extensively
investigated in various circumstances involving the curved spacetime of a black hole [15–25],
which has now become recognized as the entanglement harvesting protocol [26]. Since the
entanglement harvesting phenomenon is sensitive to the curvature of spacetime, it may be
used to discern the structure of spacetime [19] and distinguish a thermal background from
the Hawking radiation background of an expanding universe [15].
On the other hand, the Unruh effect attests that accelerated detectors in Minkowski vac-
uum will observe a thermal radiation spectrum of particles [27], which is closely related to the
Hawking radiation, one of the most striking predications in quantum field theory in curved
spacetime [28]. So, the Unruh effect is believed to offer a promising way to understanding
other phenomena such as Hawking radiation of black holes and the thermal emission from
cosmological horizons [28, 29]. Nevertheless, a direct test of the Unruh effect would require
some extreme physical conditions which are currently inaccessible in laboratory. However, a
lot of effort has been made in exploring it through different means, including some novel pro-
posals for experiments [29] and other potentially measurable related quantum phenomena
such as the geometric phase [30–32], the Lamb shift [33–36], quantum entanglement [37–45].
More recently, it has been argued that there is a counter-intuitive phenomena (so-called
anti-Unruh phenomena) that particle detectors can click less often or even cool down with
the increase of the acceleration under certain conditions [46, 47]. Within certain parameter
regime, the anti-Unruh effect may possibly be viewed as an amplification mechanism for
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quantum entanglement [48].
Another interesting issue concerning the Unruh effect is the entanglement harvesting for
accelerated detectors. It is worth noting that although this issue has recently been discussed
in detail for the case of two linearly accelerated detectors in Refs. [26, 44], relatively little is
known about entanglement harvesting for a pair of circularly accelerated detectors. Actually,
as opposed to the situation of constant linear acceleration, the circular motion seems more
interesting since it is easier to achieve, in a circular motion, the necessary large acceleration
needed in the experimental verification of the Unruh effect [49]. Recently, discussions on
the entanglement dynamics of circularly accelerated atoms coupled with the electromagnetic
vacuum have been performed in Ref. [45], but these results are limited to the Born-Markov
approximation, requiring the pair of atoms have the same angular velocity and acceleration.
In this paper we will perform a more general study of the entanglement harvesting phe-
nomenon of two circularly accelerated detectors, relaxing the limiting condition of the same
angular velocity and acceleration. For simplicity, we will employ the well-known Unruh-
DeWitt (UDW) model to depict the particle detector interacting with vacuum quantum
fields [50]. The paper is organized as follows. First, some basic formulae for the UDW
detectors locally interacting with vacuum scalar fields are reviewed with the help of the
entanglement harvesting protocol. In Sec. III, we will study the influence of the parameters
concerned with the circular motion on the transition probability, such as the acceleration
and circular trajectory radius. In addition, we also allow for a cross-comparison of the
transition probabilities between the situation of circular acceleration and linear accelera-
tion. In section IV, we will consider the entanglement harvesting phenomenon for a pair
of circularly accelerating detectors along general circular trajectories, involving the coaxial
and non-coaxial rotations. Some necessary numerical evaluation will be called for in the
investigation. Finally, we conclude the paper with a summary in Sec.V. Throughout this
paper the natural units ~ = c = 1 are adopted for convenience.
II. THE BASIC FORMALISM FOR ENTANGLEMENT HARVESTING PROTO-
COL
In this section, we will introduce the description of a two-level atom interacting locally
with a quantum scalar filed. We also review the derivation of basic formulas in entanglement
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harvesting protocol. Without loss of generality, two such atoms (labeled by A and B ) can
be modeled with the UDW detectors. Now supposing that the spacetime trajectory of a
detector is parameterized in terms of its proper time, then the interacting Hamiltonian for
such a detector locally coupling with a real scalar field φ(x) has the following form in the
interaction picture
HD(τD) = λχD(τD)
(
eiΩDτDσ+ + e−iΩDτDσ−
)
⊗ φ[xD(τD)] , D ∈ {A,B} (1)
where λ is the coupling strength which is assume to be weak, χD(τD) := e
−τ2
D
/(2σ2
D
) is a
Gaussian switching function controlling the duration of interaction via the parameter σD, and
σ± denote the ladder operators acting on the Hilbert space of the detector. Particularly, for
a two-level atom system with an energy gap ΩD, we have σ
+ = |1〉D 〈0|D and σ− = |0〉D 〈1|D
with |0〉D and |1〉D respectively denoting the ground and excited states. Here, the subscript
D specifies which UDW detector we are considering.
Suppose two such detectors A and B to be initially in their ground states, coupled
with the scalar field in vacuum state |0〉, then the initial joint state can be written as
|Ψ〉 = |0〉A |0〉B |0〉. For simplicity, we assume that all detectors have an identical energy
gap (ΩD = Ω, D ∈ {A,B}) and switching parameter (σD = σ, D ∈ {A,B}) in their own
rest frame. Governed by Hamiltonian Eq. (1), the composite system (two detectors plus the
field) will undergo the unitary evolution with the corresponding operator satisfying
U := T exp
[
− i
∫
dt
(dτA
dt
HA(τA) +
dτB
dt
HB(τB)
)]
, (2)
where T denotes the time ordering operator. After some manipulations based on the per-
turbation theory, the finial state of the two detectors can be obtained by tracing out the
field degrees of freedom [19, 22, 23]
ρAB : = trφ
(
U |Ψ〉 〈Ψ|U+)
=


1− PA − PB 0 0 X
0 PB C 0
0 C∗ PA 0
X∗ 0 0 0

+O(λ
4) , (3)
where the basis {|0〉A |0〉B , |0〉A |1〉B , |1〉A |0〉B , |1〉A |1〉B} has been used. Here, the corre-
sponding parameters in the reduced density matrix ρAB read
PD := λ
2
∫∫
dτDdτ
′
DχD(τD)χD(τ
′
D)e
−iΩ(τD−τ ′D)W (xD(τD), xD(τ
′
D)) D ∈ {A,B} , (4)
4
C :=λ2
∫∫
dtdt′
∂τB
∂t
∂τA
∂t′
χB(τB(t))χA(τA(t
′))ei[ΩτB(t)−ΩτA(t
′)]W (xA(t
′), xB(t)) , (5)
and
X := −λ2
∫∫
t>t′
dtdt′
[
∂τB
∂t
∂τA
∂t′
χB(τB(t))χA(τA(t
′))e−i[ΩτB(t)+ΩτA(t
′)]W (xA(t
′), xB(t))
+
∂τA
∂t
∂τB
∂t′
χA(τA(t))χB(τB(t
′))e−i[ΩτA(t)+ΩτB(t
′)]W (xB(t
′), xA(t))
]
, (6)
whereW (x, x′) := 〈0|φ(x)φ(x′) |0〉 is the Wightman function associated with the scalar field.
In fact, PD denotes the probability that a detector has transitioned from its ground state
to the excited state due to its interaction with the field [19], and X represents the non-local
correlations between two detectors [23].
According to the entanglement harvesting protocol [26], we can employ the concurrence
as a measure of entanglement [51], which can be evaluated straightforwardly from the X-like
density matrix given in Eq. (3) to yield the concurrence [19]
C(ρAB) = 2max
{
0, |X| −
√
PAPB
}
+O(λ4) . (7)
Obviously, such entanglement measure is a competition between the non-local correlation X
and the transition probabilities, which in general is determined by the Wightman function
of scalar fields. For the purpose of studying the entanglement harvesting phenomenon for
circularly accelerated detectors, it is convenient to give the Wightman function and first
examine the behavior of transition probabilities in the detector’s frame.
III. THE TRANSITION PROBABILITIES OF CIRCULARLY ACCELERATED
UDW DETECTORS
In a 4-dimensional Minkowski spacetime, the Wightman function for massless scalar fields
can be given in the popular “iǫ” representation [28]
W (x, x′) = − 1
4π2
1
(t− t′ − iǫ)2 − |x− x′|2 . (8)
The spacetime trajectory of circular motion can be parameterized by detector’s proper time
τD [40, 45, 52]
xD := {t = γDτD , x = RD cos(ωDγDτD) , y = RD sin(ωDγDτD) , z = const} , (9)
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where RD represents the radius of the circular trajectory in a plane parallel to xy-plane,
ωD is the angular velocity which can be either positive or negative in circular motion, and
γD = 1/
√
1− R2Dω2D denotes the Lorentz factor. In the detector’s frame, the magnitude
of acceleration satisfies aD = γ
2
Dω
2
DRD = γ
2
Dv
2
D/RD, with the magnitude of linear velocity
obeying vD = |ωD|RD < 1. Note that ωD, RD, aD and vD are not completely independent
motion parameters, only two of them are actually independent. Substitute the trajectory (9)
into Eq. (8), we can get the Wightman function
W (τD, τ
′
D) = −
1
4π2
1
(γD∆τ − iǫ)2 − 4R2D sin2(γDωD∆τ/2)
(10)
with ∆τ = τD − τ ′D.
As we can see from Eq. (10) that the corresponding Wightman function does not satisfy
the Kubo-Martin-Schwinger (KMS) condition [53, 54], i.e., we can not find a nonzero TKMS
to ensure that the Wightman function obey the relation:
W (τD − i/TKMS, τ ′D) = W (τ ′D, τD) . (11)
Therefore, for the circularly accelerated motion there is no well-defined KMS temperature
in quantum field theory, which is quite different from the situation of a linearly uniformly
accelerated detector with a KMS temperature proportional to the magnitude of accelera-
tion [27].
Substituting Eq. (10) into Eq. (4), we find that the transition probability (see Appendix A
for detail)
PD = KD
∫ ∞
0
dx
cos(xβ)e−x
2α(x2 − sin2 x)
x2(x2 − v2D sin2 x)
+
λ2
4π
[
e−Ω
2σ2 −√πΩσErfc(Ωσ)] (12)
where
α =
1
σ2ω2Dγ
2
D
=
RD
aDσ2
, β =
2Ω
γD|ωD| , KD =
λ2v2DγD|ωD|σ
4π3/2
=
λ2vDaDσ
4π3/2γD
, (13)
and Erfc(x) is the complementary error function, satisfying the identity Erfc(x) = 1−Erf(x).
Although the first term in Eq. (12) is a regular integration, it is a messy task to get a simple
analytical result and some numerical evaluations are needed [40]. However, for some certain
extreme cases, approximate results can be obtained directly. For example, for an extremely
large acceleration (i.e., aDσ ≫ γD ≫ 1 ), and if the energy gap is not vanishingly small,
PD ≈ aDσλ2/(8
√
3π) ( see Appendix B for more details), while for a small acceleration with
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high speed or extremely large radius (i.e., γD ≫ aDσ, γD ≫ 1 and 1 ≫ aD|Ω|σ2), through
a saddle point approximation [55], we can obtain ( see Appendix B)
PD ≈ a
2
Dσ
2λ2e−σ
2Ω2
24π
+
λ2
4π
[
e−Ω
2σ2 −√πΩσErfc(Ωσ)] . (14)
Particularly, in the limit of vD → 0, the first term of Eq. (12) is vanishing and the second
term is just the transition probability of a rest detector with a Gaussian switching function,
which is completely consistent with the result in Refs. [19, 55].
In order to understand how the transition probability depends on the acceleration and
other parameters in circular motion, we illustrate the detailed behavior of the transition
probability in Figs. (1-3). Here, throughout all the following plots the relevant physical
quantities are adapted by the corresponding dimensionless ones in the unit of σ.
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FIG. 1: The transition probability of detector D is plotted as a function of acceleration (denoted by
dimensionless quantity aDσ for convenience) with fixed Ωσ = 0.10. Here, the circularly accelerated
situation is depicted by the solid lines and the dashed line represents the uniformly accelerated
situation.
To allow for a cross-comparison of transition probabilities, here we have considered the
following world line for a uniformly accelerated detector [26, 28, 29, 35]
xD := {t = a−1D sinh(aDτ) , x = a−1D cosh(aDτ) , y = const , z = const} , (15)
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FIG. 2: The transition probability is plotted as a function of its energy gap Ωσ with fixed aDσ = 10.
Here, the solid lines denote the transition probability for a detector rotating along the circular
trajectories of different radii. It is worth pointing out the negative (positive) energy gaps correspond
to that detector prepared in its excited (ground) state prior to interacting with the filed.
where the magnitude of the linear constant acceleration is still denoted by aD. Similarly, the
numerical evaluation of transition probabilities can also be carried out using Eq. (A11) in
Appendix A (for related discussions see Ref. [26]). As shown in Fig. (1), the corresponding
transition probability is a generally increasing function of acceleration irrespective of the
circular or linear motion, and there does not seem to be anti-Unruh effect for the circularly
accelerated detectors in Minkowski spacetime in terms of the transition probability. More
interestingly, the transition probability for the linear uniform acceleration is more sensitive
to the increasing acceleration, while for the circular motion, the smaller the trajectory radius
is, the less variation the transition probability entails.
In Fig. (2), we explore the influence of the energy gap Ω on the transition probability. It
is easy to see that the transition probability is a monotonically decreasing function of Ωσ.
Especially for positive Ωσ, corresponding to the initial ground state, the transition to excited
state hardly happens for a big energy gap. This is consistent with our intuition that the larger
the energy gap the harder the transition is to happen, which also follows straightforwardly
from a mathematical examination of the general form of transition probability Eq. (12). It
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FIG. 3: The transition probability of detector D in circular motion vs its radius of a circle with
the relevant energy gap fixed as Ωσ = 0.10.
is worth pointing out that the larger the trajectory radius RD is, the faster the transition
probability decays with increasing energy gap. These properties can be understood from the
corresponding integrand in Eq. (12). For a fixed acceleration, β = 2Ω
√
RD/aD is associated
to the highly oscillatory part of Eq. (12). As the energy gap increases, a large trajectory
radius will render the value of parameter β much larger than 1, thus the integration part of
Eq. (12) becomes vanishingly small as a result of the rapid oscillation of the cosine function.
To examine the influence of the circular trajectory radius on the transition probability,
we plot the transition probability as a function of RD/σ in Fig. (3). We find that the
transition probability is a generally increasing function of the radius for a fixed aDσ, but the
increased amount will be quite small as RD/σ becomes large. It is worth pointing out that
the limit of RD = 0 just corresponds to the situation of a rest point detector in Minkowski
spacetime, and the transition probability is determined by the second term of Eq. (12) which
is independent of the acceleration.
In order to get a better understanding of the possible thermalization process, it is con-
venient to define an effective temperature called TEDR by utilizing the excitation to de-
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excitation ratio (EDR) of the detector [56], that is
TEDR = − Ω
logR , (16)
where R = F(Ω)/F(−Ω) represents the EDR ratio. With the Gaussian switching func-
tion, the corresponding response function F(Ω) can be written in terms of the transition
probability as
F := PD
λ2σ
. (17)
In general, the EDR temperature defined in Eq. (16) is complicated and dependent on
the parameters aD, Ω, vD. However, in the limit of an infinite interaction time and an
extremely high speed (σ → ∞ , vD → 1), the EDR temperature for circular acceleration is
approximated to aD/2
√
3 for aD ≪ |Ω| (see Appendix B), which is higher than the EDR
temperature aD/(2π) for linear uniform acceleration [49].
To illustrate the general thermalization process in a finite duration time, we have plotted
how the EDR temperature depends on the acceleration at various trajectory radii in Fig. (4).
It is easy to find that for a finite duration time the EDR temperature is an increasing function
of acceleration, but the effective temperature for circular acceleration is lower than that for
uniform acceleration when the energy gap is not too big, i.e., in comparison with circularly
accelerated detectors, the uniformly accelerated detector would observe stronger thermal-
like noise at the same magnitude of acceleration. Particularly, for a vanishingly small speed
and a large acceleration with a not-extremely small energy gap(1≫ vD , aDσ ≫ |Ω|σ > 1 ),
the EDR temperature for circular motion, according to Eq. (12) and Eq. (16), approximately
satisfies a simple relation: TEDR ≈ aDvD
√
1− v2D/6 (see Appendix B), which is much lower
than the EDR temperature TEDR ≈ aD/(2π) for large linear uniform acceleration (aDσ ≫
|Ω|σ > 1).
IV. ENTANGLEMENT HARVESTING WITH UDW DETECTORS IN THE CIR-
CULAR MOTION
We now explore the entanglement harvesting phenomenon of two circularly accelerated
detectors. For simplicity, we mainly focus on the spacetime trajectories of the detectors in
two special cases: coaxial rotation and mutually perpendicular axial rotation (see Fig. (5)).
10
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FIG. 4: The effective temperature TEDR associated with the transition probability is plot as a
function of the magnitude of acceleration. Here, we have set Ωσ = 0.10 for both circularly and
uniformly accelerated motion.
Once having specified the trajectories, the concurrence can be calculated via the afore-given
formulas.
OA
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z
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OA
(b)
FIG. 5: The circular trajectories for two UDW detectors A and B in flat spacetime. In (a), z−axis
is the common rotational axis of such two detectors , and in (b) the corresponding rotational axes
are mutually perpendicular.
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A. the situation of coaxial rotations
Suppose that detectors A and B with angular velocities ωA and ωB rotate around the
z-axis with the radii RA and RB. For the circular motion (9), the spacetime trajectories of
the two detectors can be parameterized respectively by their proper times τA and τB
xA := {t = τAγA , x = RA cos(ωAτAγA) , y = RA sin(ωAτAγA) , z = 0} ,
xB := {t = τBγB , x = RB cos(ωBτBγB) , y = RB sin(ωBτBγB) , z = ∆d} . (18)
Here, γA and γB are corresponding Lorentz factors of detectors A and B respectively. The
parameter ∆d is the separation between the two centers.
With the spacetime trajectories (18), it is easy to find that the transition probabilities
of the detectors can be straightforwardly calculated by using Eq. (12). As for the non-local
correlations associated X , substituting Eq. (18) and Eq. (8) into Eq. (6), the result of X
can be generally written, after some algebraic manipulations, as
X‖ = − λ
2σ2
4π2γAγB
∫ ∞
−∞
du˜
∫ ∞
0
ds˜
{
exp
[−γ2Au˜2 − γ2B(s˜− u˜)2
2γ2Aγ
2
B
]
exp
[i(s˜− u˜)σΩ
γA
− iu˜σΩ
γB
]
× fAB(u˜, s˜) + exp
[−γ2Bu˜2 − γ2A(s˜− u˜)2
2γ2Aγ
2
B
]
exp
[i(s˜− u˜)σΩ
γB
− iu˜σΩ
γA
]
fBA(u˜, s˜)
}
, (19)
where the auxiliary functions read
fAB(u˜, s˜) =
[
(∆d)2+R2A+R
2
B−2RARB cos
(
u˜ωAσ− u˜ωBσ − s˜ωAσ
)−σ2(s˜+ iǫ)2]−1 , (20)
fBA(u˜, s˜) =
[
(∆d)2+R2A+R
2
B−2RARB cos
(
u˜ωAσ− u˜ωBσ + s˜ωBσ
)−σ2(s˜+ iǫ)2]−1 . (21)
Here, the superscript “‖” in Eq. (19) stands for the trajectories in two parallel orbital planes
described by Eq. (18).
When such two detectors are completely synchronously rotating around z-axis, i.e., ωA =
ωB = ω, Eq. (19) can be further simplified to a one-dimensional integral
X‖ =− λ
2σ2
π3/2
√
2(γ2A + γ
2
B)
exp
[−σ2Ω2(γA + γB)2
2(γ2A + γ
2
B)
] ∫ ∞
0
ds˜ cos
[ s˜σΩ(γA − γB)
γ2A + γ
2
B
]
× exp
[ −s˜2
2(γ2A + γ
2
B)
][
(∆d)2 +R2A +R
2
B − 2RARB cos
(
s˜ωσ
)− σ2(s˜+ iǫ)2]−1 .
(22)
Due to the complexity of the integrand in Eq. (19) and Eq. (22), it is hard to obtain an-
alytical results. Therefore, numerical evaluations are needed. Nevertheless, it is still quite a
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challenge to obtain numerical results since the integrand is a oscillatory function with singu-
larities. Fortunately, the Wightman functions in fact are well-defined distributions [19, 57].
So, some techniques of a distribution function integral (in the Cauchy principal sense, see
Appendix (A)) can be utilized to obtain the correct results, and some special numerical in-
tegration methods or strategies (e.g., composite Simpson’s rule and Legendre-Gauss quadra-
ture) can be of help as well. Once the values of transition probabilities and X are evaluated
correctly, then the concurrence can be straightforwardly obtained from Eq. (7).
For simplicity, we first consider the impact of acceleration on entanglement harvesting
in the situation where two detectors are rotating with the same acceleration and trajectory
radius, i.e, aA = aB = a , RA = RB = R (or equivalently, vA = vB , |ωA| = |ωB|). For such
a situation, it is easy to judge that γA = γB = γ. Then the non-local correlation Eq. (19)
can be written as
X‖
∣∣
a,R
= − λ
2σ2
2π2γ2
∫ ∞
−∞
du˜
∫ ∞
0
ds˜ exp
[
(2s˜u˜− s˜2 − 2u˜2)/(2γ2)] exp [iΩσ(s˜− 2u˜)/γ]
×
{
(∆d)2 + 4R2 sin2
[
(u˜ωA − u˜ωB + s˜ωB)σ/2
]− σ2(s˜+ iǫ)2}−1 . (23)
If the two detectors are completely comoving (ωA = ωB = ω), then the double integral
Eq. (23) can be simplified further to a one-dimensional integral by integrating u˜ first
X‖
∣∣
a,R
= −λ
2σ2e−σ
2Ω2
2π3/2γ
∫ ∞
0
ds˜
e−s˜
2/(4γ2)
∆d2 + 4R2 sin2(s˜ωσ/2)− σ2(s˜+ iǫ)2 . (24)
To facilitate a comparison with the situation of linear uniformly accelerated motion, we
consider the following trajectory for uniform acceleration
xA := {t = a−1 sinh(aτA) , x = a−1 cosh(aτA) , y = 0 , z = 0} ,
xB := {t = a−1 sinh(aτB) , x = a−1 cosh(aτB) , y = 0 , z = ∆d} , (25)
where the symbol a still denotes the magnitude of uniform acceleration and ∆d stands for
the separation between two detectors. Similarly, the transition probabilities and X can also
be straightforwardly calculated by substituting the trajectories into Eq. (4) and Eq. (6) (the
general expression for that uniform acceleration has been studied in Ref. [26]).
In Fig. (6), the concurrence is plotted as a function of the separation ∆d in the unit
of σ. As we will see that the entanglement (concurrence) in general is a fast decaying
function of ∆d/σ irrespective of the direction of angular velocity. It means that a large
13
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FIG. 6: The concurrence C(ρAB)/λ2 is plotted as a function of ∆d/σ. Suppose two such identical
circularly accelerated detectors are coaxially rotating in an equivalent acceleration and radius, i.e.,
aA = aB = a and RA = RB = R, setting aσ = 1.0 and Ωσ = 0.10. Note that as for (a) two
detectors have a same angular velocity (ωA = ωB) and for (b) they have mutually opposite angular
velocities (ωA = −ωB). Here, the additional black dashed line describes the linearly uniformly
accelerated situation.
separation generally inhibits the detectors from harvesting entanglement. For ωA = ωB,
the entanglement harvested by circularly accelerated detectors is not expectedly sensitive
to the trajectory radius, decaying a little more slowly than that for uniformly accelerated
situation with increasing separation ∆d. However, for ωA = −ωB, the decaying behavior of
entanglement will be more sensitive to the radius. Especially for a large radius (RD/σ > 1),
it will rapidly fall to zero with increasing ∆d/σ since the size of their circular trajectories
can enlarge the average separation between two detectors.
In Fig. (7), the dependence of C(ρAB)/λ2 on the acceleration with various circular tra-
jectory radii has been displayed. If such two detectors is in co-rotation with ωA = ωB, it is
easy to find that the larger the trajectory radius R/σ is, the faster the entanglement decays
with the increasing acceleration aσ. While if two detectors are in counter-rotation with an
equal angular velocity (ωA = −ωB), a large radius renders the entanglement sharply decay
with increasing acceleration, while a very small R/σ suppresses the decay as compared to
the large radius case as aσ increases, even making the entanglement decay much more slowly
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FIG. 7: Assuming aA = aB = a and RA = RB = R in coaxial rotating motion, the concurrence
C(ρAB)/λ2 is plotted as a function of aσ, satisfying ∆d/σ = 0.10 and Ωσ = 0.10. Here we have
set ωA = ωB in (a) and ωA = −ωB in (b). The additional black dashed lines in both plots are
identical, which describe the uniformly accelerated situation for comparison.
than that for the situation of uniform acceleration.
To understand the above referred characters, we recall that the concurrence is determined
by the competition between X and transition probabilities, which means that decreasing X
or increasing the transition probability may render the entanglement decrease. According
to Eq. (19), the non-local correlation X is mainly dependent upon the average separation
between two detectors, while the transition probability is dominantly determined by the
value of acceleration as shown in Fig. (1). For the case of co-rotation (ωA = ωB), the
separation is always fixed, and the nearly uncharged value ofX and the increase of transition
probability will make the concurrence monotonically decay over the entire range of aσ.
However, according to Fig. (1) and Fig. (4), we can see that a large trajectory radius would
make the transition probability greater than that for a small radius, i.e., for not too small
acceleration the detector rotating along with a larger circular trajectory may observe stronger
thermal-like noise which can hinder it from harvesting entanglement. Thus, the larger the
trajectory radius is, the faster the entanglement decays with the increasing acceleration. As
for the case of counter-rotation (ωA = −ωB), if the trajectory radius is comparable with
∆d, the average separation between two detectors may increase during the finite duration
time, which would make the non-local correlation X decrease sharply. Then the sharply
15
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FIG. 8: The concurrence C(ρAB)/λ2 is plotted as a function of the radius in coaxial rotation with
aA = aB = a, RA = RB = R, Ωσ = 0.10 and ∆d/σ = 0.10.
decreased X and thermal-like noises render the harvested entanglement rapidly decay to
zero as the acceleration increases. However, for a vanishingly small radius (R≪ ∆d) in the
counter-rotation situation, the decreased amount of X is tiny due to the slight change of
the separation between two detectors, hence the concurrence, analogous to the situation of
co-rotation, will be governed by the value of the transition probability. Since the uniformly
accelerated detectors observe stronger thermal-like noise for not too small acceleration (see
Fig. (1) and Fig. (4)), then the entanglement harvested by circularly accelerated detectors
would decay much more slowly than that by uniformly accelerated detectors. We also plot
how the entanglement depends on the trajectory radius in Fig. (8) as a supplement. One
may find that the trajectory radius would play an important inhibiting role in entanglement
harvesting in the counter-rotation situation.
Now, let us turn to the question as to what happens to entanglement harvesting in the
situation where the two detectors are coaxially rotating with different values of acceleration
or angular velocity. For simplicity, we suppose that such two detectors are in concentric
16
circular motion in xy-plane, i.e., ∆d = 0, along the trajectory (18). According to Eq. (19),
the corresponding concurrence can be straightforwardly obtained via numerical evaluations.
0 2 4 6 8 10
0
5
10
15
20
25
FIG. 9: The concurrence C(ρAB)/λ2 is plotted as a function of aB/aA for two detectors in concentric
circular motion in xy plane. Here, we have set RA/σ = 0.10, ωAσ = 1.00, Ωσ = 0.10 and ∆d = 0 .
The dashed lines correspond to the situation of two detectors rotating in opposite directions.
As shown in Fig.(9), it is difficult to extract the entanglement from the vacuum state
of the quantum field throughout a large region of aB/aA, irrespective of the direction of
angular velocity. Most intriguingly, we find that C(ρAB)/λ2 is not zero but taking a finite
value in the limit of aB = 0 (or equivalently, ωB = 0). Such nonzero result at this special
point tells us that the entanglement is likely to be still harvested by detectors A and B
which are respectively at rest and in circular motion. In addition, it should be pointed out
the harvested entanglement in the counter-rotation situation can approach its maximum at
aB = 0. Nevertheless, we expect that the peak value of entanglement for a fixed radius ratio
RA/RB should be achieved at the point of ωB = ωA in the co-rotation situation.
In order to check this, and gain a better understanding of how the entanglement depends
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FIG. 10: The concurrence C(ρAB)/λ2 is plotted as a function of ωB/ωA for two detectors concen-
trically rotating in xy plane. Here we have set ∆d = 0, ωAσ = 1.00, RA/σ = 0.10 and Ωσ = 0.10.
The vertical dotted line denotes the point ωB/ωA = 1 at which C(ρAB)/λ2 will take the maximum
value.
on the difference between the angular velocities of two detectors, we plot the concurrence as a
function ωB/ωA in Fig. (10). As we have seen that the smaller the radius difference between
two detectors, the more the entanglement harvested. Remarkably, when two detectors are
synchronously rotating (ωB = ωA), the concurrence would certainly take the maximum
value since the separation between two detectors always remains a minimum value, which is
consistent with our intuitive perception that synchronously concentrically rotating detectors
will extract the most entanglement from the vacuum state of a quantum field.
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B. the situation of mutually perpendicular rotation axes
Let us now consider that the two detectors are rotating in mutually perpendicular planes.
The trajectories are given by
xA := {t = τAγA , x = RA cos(ωAτAγA) , y = RA sin(ωAτAγA) , z = 0} ,
xB := {t = τBγB , x = RB cos(ωBτBγB) + ∆d , y = 0 , z = RB sin(ωBτBγB)}. (26)
Note that the transition probabilities can still be obtained by carrying out Eq. (12) in
numerical evaluation. Similarly, according to Eq. (6), the parameter X can be written as
X⊥ = − λ
2σ2
4π2γAγB
∫ ∞
−∞
du˜
∫ ∞
0
ds˜
{
exp
[−γ2Au˜2 − γ2B(s˜− u˜)2
2γ2Aγ
2
B
]
exp
[i(s˜− u˜)σΩ
γA
− iu˜σΩ
γB
]
× f˜AB(u˜, s˜) + exp
[−γ2Bu˜2 − γ2A(s˜− u˜)2
2γ2Aγ
2
B
]
exp
[i(s˜− u˜)σΩ
γB
− iu˜σΩ
γA
]
f˜BA(u˜, s˜)
}
, (27)
where
f˜AB(u˜, s˜) =
{
R2A +R
2
B − 2RARB cos[(u˜− s˜)ωAσ] cos(u˜ωBσ)− 2RA∆d cos[(u˜− s˜)ωAσ]
+ 2RB∆d cos(u˜ωBσ) + ∆d
2 − σ2(s˜+ iǫ)2
}−1
, (28)
f˜BA(u˜, s˜) =
{
R2A +R
2
B − 2RARB cos[(u˜− s˜)ωBσ] cos(u˜ωAσ) + 2RB∆d cos[(u˜− s˜)ωBσ]
− 2RA∆d cos(u˜ωAσ) + ∆d2 − σ2(s˜+ iǫ)2
}−1
. (29)
Here, the superscript “⊥” denotes the trajectories (26) in mutually perpendicular orbital
planes. It is quite a challenge to further simplify the above expression of X into a one-
dimensional integral since the trajectories (26) do not represent the comoving circular motion
around a common rotating axis. However, it is easy to find that Eq. (27) is independent of
the direction of angular velocity in comparison with Eq. (19). Thus, we can focus on the
positive angular velocity for the trajectories Eq. (26).
For the case where two circularly accelerated detectors have equivalent acceleration and
trajectory radius, how the entanglement depends on the parameters of circular motion is
illustrated in Figs. (11)-(13). Obviously, one can observe an analogous harvesting behavior
that looks like the afore-studied situation of the coaxial rotation with equal and opposite
angular velocities, though the quantitative details are different. For example, for a large
trajectory radius, the harvested entanglement for perpendicular rotations falls to zero a
19
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FIG. 11: The concurrence is plotted as a function of ∆d/σ for the case of two detectors circularly
rotating with mutually perpendicular rotation axes. Here, we have set aA = aB = a and RA =
RB = R, yielding aσ = 1.0 and Ωσ = 0.10. The additional black dashed line describes the
uniformly accelerated situation.
little more slowly than that for coaxial rotations with opposite angular velocities (see the
curves of R/σ = 2.00 in Fig. (6(b)) and Fig. (11)). Similar conclusions can be obtained
directly by comparing Fig. (7(b)) with Fig. (12) or Fig. (8) with Fig. (13).
In Figs. (14)-(15), we have considered the situation of two detectors rotating at different
accelerations or angular velocities along the trajectories (26) with ∆d = 0. When comparing
Fig. (14) with Fig. (9)(the counter-rotation situation), similar results can be obtained: the
larger the acceleration ratio between two detectors, the less the harvested entanglement.
In the limit of aB = 0 (or ωB = 0), C(ρAB)/λ2 will not be vanishing but take a non-zero
maximum value. The most notable difference between Figs.(15) and (10) is that the peak of
the extracted entanglement for non-coaxial rotations is localized at point ωB/ωA = 0 rather
than ωB/ωA = 1 for coaxial rotations.
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FIG. 12: As for the situation of mutually perpendicular rotation axes with aA = aB = a and
RA = RB = R, the concurrence C(ρAB)/λ2 is plotted as a function of aσ. The additional black
dashed line describes the situation of uniform acceleration. Here we have set ∆d/σ = 0.10 and
Ωσ = 0.10.
V. CONCLUSIONS
In this paper, we have performed detailed discussions on the properties of the transi-
tion probability of a circularly accelerated UDW detector coupled with the massless scalar
fields with a Gaussian switching function, and investigated the entanglement harvesting
phenomenon of two such detectors through the corresponding harvesting protocol. With
the help of numerical evaluation, we have analyzed the influence of motion parameters on
transition probabilities from various aspects. It was found that the transition probability
of the circularly accelerated detector with a larger trajectory radius is more sensitive to the
magnitude of acceleration, so is the effective temperature TEDR. By a cross-comparison of
the situations of circularly and uniformly accelerated motion, we obtain that the transition
probability and effective temperature TEDR for circularly accelerated detectors with an ex-
tremely large radius and that for uniformly accelerated detectors would behave analogously,
but for a vanishingly small linear speed and a large acceleration with not-extremely small
energy gap, TEDR ≈ aDvD
√
1− v2D/6 in a finite duration, which differs from TEDR ≈ aD/(2π)
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FIG. 13: The concurrence vs the circular trajectory radius for two detectors rotating around
mutually perpendicular rotation axes. Here, we have set aA = aB = a, RA = RB = R, Ωσ = 0.10
and ∆d/σ = 0.10.
for uniformly highly accelerated detectors in a finite duration. And it seems that there are
no anti-Unruh phenomena for circularly accelerated detectors interacting with the massless
scalar fields in Minkowski spacetime.
For the purpose of well understanding the entanglement harvesting phenomenon, we focus
on two special circular motion situations, i.e., coaxial rotation and mutually perpendicular
axial rotation. When such two identical detectors are rotating along the circular trajecto-
ries with equivalent radius and acceleration, it was found that the harvested entanglement
in both special circular motion situations decays with increasing acceleration or separation
between two detectors. By a cross-comparison of the concurrence for circularly accelerated
and uniformly accelerated detectors, we find that the trajectory radius and angular velocity
in circular motion would have great effects on the entanglement harvesting phenomenon.
Especially for two circularly accelerated detectors rotating in different directions, the trajec-
tory radius would play an important inhibiting role in entanglement harvesting. In addition,
it is worth pointing out that the behavior of entanglement generation for the situation of
22
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FIG. 14: The concurrence C(ρAB)/λ2 is plotted as a function of aB/aA for two detectors A and B
circularly rotating in xy and xz planes, respectively. Here, we have set RA/σ = 0.10, ωAσ = 1.00,
Ωσ = 0.10 and ∆d = 0.
mutually perpendicular axes is analogous to that for the coaxial situation with ωA = −ωB,
but the quantitative details are different slightly.
Finally, we have also investigated the entanglement harvesting for two identical detectors
circularly rotating at different accelerations or angular velocities. The numerical results tell
us that the entanglement harvesting still occurs in the quantum system composed of rest
and circularly accelerated detectors. Particulary, in the situation of mutually perpendicular
rotating axes (satisfying the circular orbit Eq. (26)), the extracted entanglement will take
the peak value when one detector is at rest and the other is circularly accelerated. Thus,
an interesting question arises as to what the entanglement harvesting exactly behaves when
two detectors are in completely different motion status. For example, one detector keeps
at rest while the other is uniformly accelerated. Such a situation is analogous to that of
one detector falling into black hole while the other stays outside. So, a further in-depth
study on the entanglement harvesting for two detectors which are separated by a horizon in
the Rindler spacetime or some curved spacetimes with a black hole is particularly desirable,
23
-4 -2 0 2 4
0
2
4
6
8
FIG. 15: The concurrence C(ρAB)/λ2 is plotted as a function of ωB/ωA for the detectors A and B
concentrically rotating in xy and xz planes respectively. Here we have set ∆d = 0, ωAσ = 1.00,
RA/σ = 0.10 and Ωσ = 0.10. The vertical dotted line denotes the point ωB = 0 at which C(ρAB)/λ2
will take the maximum value.
which we would rather leave to a future work.
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Appendix A: Derivation of PD and X
In this appendix we will derive the explicit form of the transition probability PD and X
from Eq. (4) and Eq. (6) respectively.
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1. The transition probability PD
Recalling Eq. (4), and letting u = τD and s = τD − τ ′D, then the transition probability
can be rewritten as
PD = λ
2
∫ ∞
−∞
duχD(u)
∫ ∞
−∞
dsχD(u− s)e−iΩsW (s)
= λ2
√
πσ
∫ ∞
−∞
dse−iΩse−s
2/(4σ2)W (s) . (A1)
Inserting the Wightman function Eq. (10) into Eq. (A1) and assuming x = γD|ωD|s/2 lead
to
PD =
λ2σ|ωD|
8π3/2γD
∫ ∞
−∞
dx
e−i2xΩ/(γD |ωD|)e−x
2/(γ2
D
σ2ω2
D
)
R2Dω
2
D sin
2 x− (x− iǫ)2 ,
=
λ2σ|ωD|
8π3/2γD
∫ ∞
−∞
dx
[
e−ixβe−x
2α
v2D sin
2 x− (x− iǫ)2 +
e−ixβe−x
2α
(1− v2D)(x− iǫ)2
− e
−ixβe−x
2α
(1− v2D)(x− iǫ)2
]
,
= KD
∫ ∞
0
dx
cos(xβ)e−x
2α(x2 − sin2 x)
x2(x2 − v2D sin2 x)
− λ
2σ|ωD|
8π3/2γD
∫ ∞
−∞
dx
e−ixβe−x
2α
(1− v2D)(x− iǫ)2
(A2)
with α := 1/(σ2ω2Dγ
2
D), β := 2Ω/(γD|ωD|) and KD := λ2v2DγD|ωD|σ/(4π3/2). It is worth
pointing out the integrand in the first term of Eq. (A2) is a regular function, namely iǫ can
be suppressed, while the second term can be calculated by using the technique of distribution
functions. Let us pause to review some properties for distribution functions. Recall that the
action of a distribution g on a test function f is defined by [19, 57]
〈g, f〉 :=
∫ ∞
−∞
g(x)f(x)dx , (A3)
which satisfies the following derivative relation
〈dg
dx
, f
〉
= −〈g, df
dx
〉
. (A4)
For the distribution 1/x, the action is defined as
〈1
x
, f(x)
〉
:= PV
∫ ∞
−∞
f(x)
x
dx , (A5)
where PV denotes the integral principle value. Then for the distribution 1/x2, we can
obtain [57] 〈 1
x2
, f(x)
〉
=
〈1
x
,
df(x)
dx
〉
=
∫ ∞
0
dx
f(x) + f(−x)− 2f(0)
x2
. (A6)
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According to the Sokhotski-Plemelj formula
1
x± iǫ = PV
1
x
∓ iπδ(x) , (A7)
the following identity can be obtained by differentiation
1
(x± iǫ)n =
1
xn
± (−1)
n
(n− 1)! iπδ
(n−1)(x) . (A8)
We can utilize the relation Eq. (A4) to obtain the action of both the distributions 1/xn and
δ(n−1)(x) on a test function. In particular, for the distribution δ(n−1)(x) one has [57]
〈
δ(n−1)(x), f(x)
〉
= (−1)n−1f (n−1)(0) . (A9)
Now, let us return to the second integral of Eq. (A2), we have
− λ
2σ|ωD|
8π3/2γD
∫ ∞
−∞
dx
e−ixβe−x
2α
(1− v2D)(x− iǫ)2
= −λ
2σ|ωD|γD
8π3/2
∫ ∞
−∞
dxe−ixβe−x
2α
[ 1
x2
− iπδ(1)(x)
]
= −λ
2σ|ωD|γD
8π
[√
πβErfc
( β
2
√
α
)− 2e−β2/(4α)√α]
=
λ2
4π
[
e−Ω
2σ2 −√πΩσ Erfc(Ωσ)] , (A10)
where we have used the identities Eqs. (A6) and (A9) in the last but one step. Thus,
combining Eqs. (A2) and (A10) yields the transition probability given in Eq. (12).
Armed with the proposed technique of distribution functions, we can similarly get the
expression of the transition probability for a uniformly accelerated detector with the trajec-
tory (15), and the result is
PUAD =
λ2aDσ
4π3/2
∫ ∞
0
dx
(sinh2 x− x2) cos(2xΩ/aD)
x2 sinh2 x
e
− x2
a2
D
σ2 +
λ2
4π
[
e−Ω
2σ2 −√πΩσ Erfc(Ωσ)] ,
(A11)
where the superscript “UA” means the uniform acceleration situation.
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2. The expression of X
We begin from the definition of X in Eq. (6), which can be rewritten as
X =− λ
2
γAγB
∫ ∞
−∞
dt
∫ t
−∞
dt′
[
χB(τB(t))χA(τA(t
′))e−i(Ωt/γB+Ωt
′/γA)W (xA(t
′), xB(t))
+ χA(τA(t))χB(τB(t
′))e−i(Ωt/γA+Ωt
′/γB)W (xB(t
′), xA(t))
]
=− λ
2σ2
γAγB
∫ ∞
−∞
du˜
∫ ∞
0
ds˜
[
e−u˜
2(γ−2
B
+γ−2
A
)/2e−s˜
2/2γ2
Aes˜u˜/γ
2
Ae−iu˜Ωσ[γ
−1
B
+γ−1
A
]eis˜Ωσ/γAW (xA(t
′), xB(t))
+ e−u˜
2(γ−2
A
+γ−2
B
)/2e−s˜
2/2γ2
Bes˜u˜/γ
2
Be−iu˜Ωσ[γ
−1
A
+γ−1
B
]eis˜Ωσ/γBW (xB(t
′), xA(t))
]
, (A12)
where we have assumed u˜ = t/σ, s˜ = (t − t′)/σ in the last step. Therefore, the expression
of X can be straightforwardly obtained by substituting the Wightman function associated
with the corresponding trajectory of two detectors into Eq. (A12). In particular, if the
Wightman function depends only on the difference between its two arguments (i.e., the
Wightman function is only dependant on s˜ ), Eq. (A12) can be further simplified into a
one-dimensional integral via integrating s˜ first
X =−
√
2πλ2σ2√
γ2A + γ
2
B
exp
[−σ2Ω2(γA + γB)2
2γ2A + 2γ
2
B
] ∫ ∞
0
ds˜
{
exp
[is˜σΩ(γA − γB)
γ2A + γ
2
B
]
exp
[ −s˜2
2(γ2A + γ
2
B)
]
×W (xA(t′), xB(t)) + exp
[is˜σΩ(γB − γA)
γ2A + γ
2
B
]
exp
[ −s˜2
2(γ2A + γ
2
B)
]
W (xB(t
′), xA(t))
}
.
(A13)
Then it is straightforward to obtain Eq. (22) and Eq. (24) by utilizing the explicit expression
of the Wightman function.
Appendix B: Some approximate results of PD and TEDR
To facilitate discussions on the possible thermalization process of circularly accelerated
detectors, we here derive the expressions which are needed to approximately evaluate both
the transition probability and the EDR temperature in some special cases.
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1. approximate forms of PD
For convenience, the parameters α and β in Eq. (12) can be rewritten in terms of accel-
eration aD and the Lorentz factor γD , as
α =
γ2D − 1
a2Dσ
2
, β =
2Ω
√
γ2D − 1
aD
. (B1)
In the special case of an extremely large acceleration (aDσ ≫ γD or aDσ ≫ RD/σD), it
follows that α→ 0. Then the Gaussian switching function can be simply dropped, therefore,
it would be better to work from the first line of Eq. (A2) rather than Eq. (12), then the
transition probability takes a simple form
PD ≈ λ
2σ|ωD|
8π3/2γD
∫ ∞
−∞
dx
e−ixβ
v2D sin
2 x− (x− iǫ)2 . (B2)
In principle, Eq. (B2) can be performed by utilizing the residue theorem in the complex
plane. However, the equation v2D sin
2 x = x2 is not analytically solvable in the complex plane,
therefore, the poles of the integrand in Eq. (B2) can not be obtained exactly result. If both
the speed and the energy gap are not vanishingly small (β is not small too, i.e., β > 1), the
pure imaginary poles of the integrand near x = 0 would give the most important contribution
to the integral. So we can expand the sine function to find the poles with the smallest
imaginary part (such trackable treatment in details can also be found in Refs.[33, 49]),
leading to v2D sin
2 x− x2 satisfying an approximate form (v2D − 1)x2 − v2Dx4/3, i.e.,
PD ≈ λ
2σ|ωD|
8π3/2γD
∫ ∞
−∞
dx
e−ixβ
(v2D − 1)(x− iǫ)2 − v2Dx4/3
. (B3)
Thus, we can obtain the approximate form of PD via appropriate contour integration, and
after some algebraic manipulation, Eq. (B3) finally becomes
PD ≈ aDσλ
2e−2
√
3|Ω|/aD
8
√
3π
+ θ(−Ω) |Ω|σλ
2
2
√
π
, (B4)
where θ(x) represents the unit step function. Here, we have used the relation |ω| =
aD(1 − vD2)/vD = aD/(γD
√
γ2D − 1). Therefore, for an extremely large acceleration,
PD ≈ aDσλ2/(8
√
3π) [40].
In the case of a small acceleration with high speed or extremely large radius ( γD ≫ aDσ,
γD ≫ 1 ≫ aD|Ω|σ2), one may find that α ≫ 1 and β ≫ 1 for not too small energy gap.
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Then the first term in Eq. (12) can be written as
I = KD
∫ ∞
0
dx
cos(xβ)e−x
2α(x2 − sin2 x)
x2(x2 − v2D sin2 x)
=
KD
2
∫ ∞
−∞
dx
e−x
2α−ixβ(x2 − sin2 x)
x2(x2 − v2D sin2 x)
. (B5)
Eq. (B5) can be approximately evaluated by the saddle point x = −iβ/(2α). With the help
of the identity for a saddle point approximation at x = x0
∫ ∞
−∞
dxe−αf(x)g(x) ≈
√
2π
|αf ′′(x0)|e
−αf(x0)g(x0) , (B6)
we have
I ≈ a
2
Dσ
2λ2e−σ
2Ω2
24π
. (B7)
Here, we have used the relation |ω| = aD/(γD
√
γ2D − 1), γD ≫ 1 and 1≫ aD|Ω|σ2 so as to
approximate the result.
Therefore, for γD ≫ aDσ, γD ≫ 1≫ aD|Ω|σ2, the transition probabilities take following
approximate form
PD ≈ a
2
Dσ
2λ2e−σ
2Ω2
24π
+
λ2
4π
[
e−Ω
2σ2 −√πΩσErfc(Ωσ)] . (B8)
2. approximate forms of TEDR
In the case of the infinitely long interaction time and high speed (σ → ∞,vD → 1), the
Gaussian switching functions can be ignored, the EDR temperature of circular acceleration
can be obtained by substituting Eq. (B4) into Eq. (16). In the assumption of aD ≪ |Ω|,
it is straightforward to get the EDR temperature TEDR ≈ aD/2
√
3. This result can also
be obtained by straightforwardly calculating the transition probabilities per unit proper
time [33, 49]. Similarly, the EDR temperature for linear acceleration in the case of the
infinitely long interaction time (σ →∞ ) is exactly equal to aD/(2π) [28, 33, 49].
If the duration time is finite, for vanishingly small speed and large acceleration with a
not-extremely small energy gap (1≫ vD , aDσ ≫ |Ω|σ > 1 ), the integrand in the first term
of Eq. (12) can be approximately written as
cos(xβ)e−x
2α(x2 − sin2 x)
x2(x2 − v2D sin2 x)
≈ cos(xβ)e
−x2α(x2 − sin2 x)
x4
. (B9)
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Because of 1 ≫ vD and aD ≫ |Ω|, Eq. (B1) tells us that α ≪ 1 and β ≪ 1. Thus, the
vanishingly small α and β lead to
KD
∫ ∞
0
dx
cos(xβ)e−x
2α(x2 − sin2 x)
x4
≈ KD
∫ ∞
0
dx
(x2 − sin2 x)
x4
=
KDπ
3
. (B10)
Assuming the energy gap is not-extremely small (|Ω|σ > 1), the second term in Eq. (12) can
be approximately estimated as
λ2
4π
[
e−Ω
2σ2 −√πΩσErfc(Ωσ)] ≈


0 , Ω > 0
− λ
2σΩ
2
√
π
, Ω < 0 .
(B11)
Therefore, for a positive Ω, we have
PD(Ω) ≈ KDπ
3
, PD(−Ω) ≈ KDπ
3
+
λ2σΩ
2
√
π
. (B12)
Substituting Eq. (B12) into Eq. (16), and applying |ω| = aD(1− vD2)/vD and aD ≫ |Ω|, it
is easy to get TEDR ≈ aDvD
√
1− v2D/6 for circular acceleration.
Similarly, in regard to uniformly accelerated motion, the first term in Eq. (A11) can be
approximately evaluated, for an extremely large acceleration (aDσ ≫ |Ω|σ > 1), as
λ2aDσ
4π3/2
∫ ∞
0
dx
(sinh2 x− x2) cos(2xΩ/aD)
x2 sinh2 x
e−x
2/(a2
D
σ2)
≈ λ
2aDσ
4π3/2
∫ ∞
0
dx
sinh2 x− x2
x2 sinh2 x
=
λ2aDσ
4π3/2
. (B13)
Therefore, for a positive Ω,
PUAD (Ω) ≈
λ2aDσ
4π3/2
, PUAD (−Ω) ≈
λ2aDσ
4π3/2
+
λ2σΩ
2
√
π
. (B14)
Thus, the EDR temperature for uniform acceleration can be expressed as
TEDR ≈ aD + π|Ω|
2π
≈ aD
2π
. (B15)
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